A solar still is used to convert saline water into potable water by means of the distillation process. In order to improve the productivity of conventional solar still, various modifications are implemented by researchers. In the present study, multiple V-shaped floating wicks are used to enhance heat absorption and thereby increase productivity. The experiments are performed during the summer and winter seasons in Rewa, India (Latitude: 24.5373 N; Longitude: 81.3042 E). These multiple floating wicks are made from black jute cloth wrapped in Vshaped pieces of thermocol. Because of their V-shaped profile, the evaporative surface area of modified solar still is 26% larger than that of conventional solar still. The maximum daily productivity in one of the clear days is found to be approximately 6.20 kg/m 2 in summer and 3.23 kg/m 2 in winter with daily efficiencies of 56.62% and 47.75%, respectively. A theoretical thermal model is formulated by using the energy balance equations of the modified solar still.
Introduction
God has provided humans with a variety of natural gifts. Among life's essentials, water is critical; many regard it as life itself. Practically two-thirds of the human body is made up of water, and humans cannot survive without it. Countless living organisms depend on it to thrive; evidently, an adequate water supply is crucial. Water is abundant and covers two-thirds of the earth's surface. In reality, however, 97.4% of this vast amount of water is saltwater found in the oceans. The salinity of seawater is extremely high (3000e35 000 parts per million (PPM)) and exceeds the permissible water salinity limit (less than 500 PPM) prescribed by the World Health Organization [1] ; hence, it is not potable. Moreover, 1.8% of earth's water is frozen in the polar caps. The drinking water that we consume daily is barely 0.8% of what we source from rivers, ponds, lakes, and underground water. Moreover, because of the rising population and pollution, drinking water from these sources can potentially afflict two billion of the world's population with water-borne diseases, such as polio, jaundice, mild fever, cholera, diarrhea, tuberculosis, dysentery, encephalitis, and conjunctivitis; clearly, potability is compromised.
In the last century, because living standards have highly improved, the increase in water utility is more than twice the increase in population. In 2015, the global population was 7.3 billion; 54% of this number live in rural areas and 663 million of them lack water sources. It is presumed that by 2025, 1800 million people from different countries will experience water scarcity. India accounts for only 4% of the world's freshwater resources but 16% of the world's population. Based on the 2011 population census in India, of the total 1200 million population, providing drinking water to approximately 800 million people in the rural areas will be extremely difficult [2] . The geographical location of India is between 7 and 37 latitude; moreover, India receives an average solar radiation of 16 700e22 960 kJ/m 2 /d.
Because of abundant solar radiation available throughout the year, the conversion of brackish water to potable water by means of the solar distillation process can easily satisfy the drinking water requirement of rural India.
Water can be purified at a considerably low cost when the solar distillation process is used because thermal energy is supplied by solar energy. The impure water evaporates when it receives solar energy; subsequently, water vapor separates from the dissolved matter and condenses in the form of pure water. Solar distillation is an established process for purifying saline water using radiant energy from the sun because it is charge-free and pollution-free; moreover, solar energy is unlimited and abundant in all parts of India.
Solar still is a device in which the solar distillation process occurs, and is suitable for the low-cost production of potable water in rural areas. Solar still can be constructed from locally available materials. Solar still is a rectangular black-painted box that contains impure water and tightly covered by glass cover. The water contained in the basin box is evaporated by the heat of solar rays; it is collected as pure water in the form of condensate. Solar still and its maintenance is inexpensive; hence, it is an excellent device to obtain potable water in remote areas.
Compared with other conventional distillation systems, the productivity and efficiency of solar still are considerably lower. Several attempts have been made by researchers to improve the performance of solar still by providing additional evaporating surface. Moreover, researchers around the world have developed several modified designs for different climatic and operating parameters to enhance the performance of solar still.
Dunkle [3] has provided the heat and mass transfer equations for various heat transfer coefficients (convective and evaporative) of conventional solar still. The main disadvantage of conventional solar still is its low productivity. Therefore, researchers have made several modifications, such as increasing the evaporation area by using jute cloth, wick, sponges, and different heat storage materials. Multiple wicks solar still was developed by Sodha et al. [4] ; in this still, the blackened wet jute cloth was used to increase the evaporation rate. The obtained overall efficiency and distillate output on winter days in Delhi were 34% and 2.5 L/m 2 /d, respectively. AlKaraghouli and Minasian [5] compared the experimental daily distillate outputs of tilted wick, floating blackened jute wick, and conventional basin-type solar stills.
It was found that the floating blackened jute wick solar still produced a higher distillate output than the tilted wick and conventional solar stills; its output was 10.5 L/m 2 for the same outdoor environmental conditions. Naim and Kawi [6] modified conventional solar still by using charcoal particles as a heat absorber medium on the wick surface. Compared to the wick-type stills, a productivity improvement of approximately 15% was reported. Abu-Hijleh and Rababa'h [7] increased the distillate output in basin water by using yellow and black sponge cubes as well as black steel cubes and coal cubes; sponge cubes were found to be more effective. The distillate output of the still with cubes increased from 18% to 273% compared to that of conventional still.
The theoretical (theo.) and experimental (exp.) performances of multi-wick solar stills (single and double slopes) were conducted by Shukla and Sorayan [8] . Analytical equations were derived, and a computer model was developed for the proposed solar still. A fair agreement was found between the theoretical and experimental results. Janarthanan et al. [9] analyzed the performance of a new design of corrugated floating cum tilted-wick solar still with a flowing water effect over the condensing cover. Energy balance equations were derived, and a thermal model of the considered solar still was developed. It was concluded that the experimental results approximated the theoretical results. Moreover, the significant effect of the water flowing over the condensing cover was observed on the thermal performance of a corrugated floating cum tilted-wick solar still. Sakthivel et al. [10] performed experiments by using jute cloths placed at the middle and the rear wall of a conventional solar still. It was found that the daily productivity of the still increased by 20% compared to the conventional still. By this modification, the still's efficiency increased from 44% to 52%.
Murugavel and Srithar [11] investigated the performance of a double-slope basintype solar still with various wick materials, such as light black cotton cloth, light jute cloth, sponge sheet, waste cotton pieces, and coir mat. Multiple combinations of aluminum rectangular fins covered with different wick materials were also investigated. Among the materials tested, the light black cotton cloth produced the maximum daily distillate output. The longitudinal arrangement of rectangular aluminum fins with cotton cloth was found to be more effective. Srivastava and Agrawal [12] conducted theoretical and experimental studies and modified the design of conventional solar still by using porous absorbers of low thermal inertia; blackened jute cloth pieces were used as porous absorbers. The modified still was 68% more productive on clear days. During cloudy days, however, the distillate output was approximately 35% more than conventional still.
Manikandan et al. [13] presented a review on various wick-type solar still designs, such as wick-basin type, floating wick type, multi-wick type, floating cum tiltedwick type, tilted-wick type, and concave wick-type solar stills; maximum productivity was observed in the floating wick-type solar still. Matrawy et al. [14] modeled and conducted experimentations on modified forms of basin type solar stills. In their model, the corrugated black cloths on the porous material were immersed in water;
the cloths absorbed the water as a result of capillary effect. The distillate output of the modified solar still increased by approximately 34% than that of conventional still.
Omara et al. [15] studied the performance of conventional solar still (CSS) and corrugated solar still (CrSS) with layered wick materials and reflectors. The results
showed that the productivity of the modified solar still for a 1-cm brine depth was 145.5% more than that of conventional solar still. The daily efficiency values of modified and conventional solar stills were approximately 59% and 33%, respectively.
Samuel et al. [16] conducted theoretical and experimental works on increasing the distillate output using different energy storage materials. It has been observed that the solar still with spherical salt balls produced the maximum distillate output of Panchal and Mohan [20] reviewed various methods in increasing the distillate output in solar still. Numerous approaches that previous researchers utilized were presented; moreover, the results of different still designs with fins, various energy storage materials, and multi-basins were compared.
Panchal and Patel [21] studied the impact of operational and climatic parameters on the yield of solar still. The experimental performance of a single-basin vertical multiple-effect diffusion solar still with floating cotton wick and heat recovery system was evaluated by Kaushal et al. [22] . The study found that the daily productivity of the modified still was 21% higher than that of the reference still (without floating wick and heat recovery system). Sellami et al. [23] improved the performance of a single-basin solar still by using blackened sponge sheets with different thicknesses pasted over the basin liner (heat-absorbing surface water, and the other two inclined surfaces face upward towards the glass cover forming a "V" shape. Furthermore, the black jute cloth is spread along the "V" shape portion, and the rest of the jute cloth remains under the basin water; the wetness of the black jute cloth maintained through capillary action. These four pieces of 
Experimental procedure
The solar still experiments are conducted for several days during the clear days of summer and winter seasons at Rewa, (M. P.), India. Among these days, the best observations were recorded on April 22, 2017 (summer) and January 13, 2017 (winter). The orientation of the solar still is sustained along the eastewest direction with the glass cover facing south to maximize incident solar radiation. Both the solar stills are filled up to a 2-cm basin water depth with boring water with a total dissolved solid value of 1043 mg/mL [19] obtained from a local source. Moreover, the synchronization of the MSS and CSS are tested before the experiments are performed. These are filled with the same amount of basin water, and their distillate outputs are 
Experimental uncertainty analysis
Experimental uncertainty (error) always exists as a result of the measuring method, observation (reading) process, environmental conditions, and calibration and error of measuring instruments. The error in experimental readings and instruments can be represented as
where Z best is the best estimated reading of physical quantity, and De is an absolute error that occurs during the experiment. The uncertainty in the experimental study can be estimated in two ways described below. 
Internal uncertainty
An estimation of uncertainty is performed for the experimental observations of various parameters. The sample calculations of experimental uncertainty in each set of observations of individual parameters are conducted by Nakara and Choudhary [36] and Tiwari et al. [37] . The mathematical expression of the percentage of uncertainty is presented as
where The sample calculations of experimental uncertainties for distillate outputs and solar intensities of the MSS during the months of April (summer) and January (winter) are listed in Tables 1 and 2 , respectively. It is found that the uncertainty percentage of the distillate output and solar intensity of the MSS during summer are 2.528% and 2.470%, respectively; during winter, the corresponding values are 3.187% and 2.871%, respectively.
External uncertainty
The external uncertainty is mainly associated with the measuring instruments used during the experiment. This instrument uncertainty can affect the accuracy of measurement results. The various instruments used for measuring different parameters are thermocouples, thermometers, pyranometer, anemometer, and measuring jars. The associated percentage errors, accuracies, and ranges of instruments are summarized in Table 3 [19] . 
Model

Mathematical model of MSS
A mathematical model is developed for the MSS by utilizing the energy balance equations of its various parts. For the purpose of comparison, the results of the CSS theo. model from the author's previous paper are used [19] .
The various heat transfer coefficients of the MSS are calculated by applying Dunkle's correlations [3] . For analysis simplification, the following assumptions are made:
(a) The heat capacities of the glass cover, jute cloth, floating thermocol, and insulating materials (sides and bottom) are neglected. The energy balance equations below are shown for MSS at different parts viz. glass cover, wetted V-shaped floating wick, and basin water as used by Srivastava and Agrawal [12] .
The energy balance equations of the glass cover are the following:
where
In Eq. (5), Q cfw-g , Q efw-g , and Q rfw-g denote the heat transfers through convection, evaporation, and radiation, respectively, from the floating wick to the glass cover. In Eq. (6), Q cg-a , and Q rg-a are the heat transfers through convection and radiation, respectively, from the glass cover to the ambient air. 
where h tfw-g is the sum of the convective, evaporative, and radiative heat transfer coefficients from floating wick to glass cover; h cg-a and h rg-a represent the convective and radiative heat transfer coefficients from glass cover to ambient air; T fw , T g , T a , and T sky denote the temp. (in C) of the floating wick, glass cover, ambient air, and sky respectively.
The energy balance equation of the V-shaped floating wick is as follows:
That of basin water is as follows:
In Eqs. (8) and (9), Q fw-bw and Q bw-a define the heat transfers from the floating wick to basin water and from the basin water to ambient air through the still base, respec- From Eqs. (5), (8), and (9), the energy balance equation for the MSS can be obtained as follows:
The heat transferred from the V-shaped floating wick to basin water can be written as follows:
where K fw is the heat transfer coefficient of the V-shaped floating wick insulation.
The heat loss from the basin water to ambient air through the still bottom is given as follows:
The heat transfer phenomena occur in the MSS in two ways: internal and external.
The schematic view of the heat transfer circuit in the MSS is shown in Fig. 5 . The heat exchange between the wetted V-shaped floating wick surface and the inner side of the glass cover is called internal heat transfer; it occurs in three modesdconvection, evaporation, and radiation. The heat transfer caused by the convection between the floating wick surface and glass cover is calculated as follows:
where h cfw-g is the heat transfer coefficient caused by convection. It is given by Dunkle [3] as follows:
where p fw and P g denote the partial water vapor pressures at the floating wick temp. and glass cover temp., respectively, which are given as follows [38] :
The evaporative heat transfer is expressed as
where h efw-g is the evaporative heat transfer coefficient, which is given as follows [8] : 
The radiative heat transfer between the glass cover and V-shaped floating wick surface is calculated as follows:
where h rfw-g is the radiative heat transfer coefficient of the floating wick to glass cover; it is expressed as follows:
The external heat transfer represents the heat loss at the top, bottom, and side walls of the solar still to the outside atmosphere.
The radiation and convection heat losses from the glass cover to the ambient air can be expressed as follows [39] :
where the heat transfer (radiative) coefficient from the glass cover to the ambient air is given by
where the sky temperature (T sky ) given by Sharma and Mullick [40] is expressed as
where the heat transfer (convective) coefficient from the glass cover to the ambient air is given as [41, 42] . The hourly distillate output can be expressed by the following:
In Eq. (25) where r fw can be defined as the effective surface area (evaporative) of the V-shaped floating wick per unit basin area in the MSS. The effective surface area (evaporative) of the V-shaped floating wick can also be denoted by the wick surface area on which solar radiation is received. The profile of the V-shaped black jute cloth floating wick is shown in Fig. 6 . The surface area of the V-shaped floating wicks (A fw ) can be calculated by the following equation:
where "h" and "l" are the height and length of the V-shaped floating bar, respectively; "N" is the number of V-shaped floating bars; "q" is the angle made by both legs of the V-shaped bar with respect to the horizontal. Angle "q" is 24 , which is the same as the glass cover angle, so that the shadow effect of the V surfaces of floating wick can be minimized.
Accordingly, the daily distillate output per unit basin area is calculated as follows: 
The overall efficiency (h o ) of the MSS can be obtained by the following:
In the MSS, the side and bottom heat losses are considerably less because the heat energy of solar radiation is not directly collected by the basin water, and its top surface is completely covered by the V-shaped floating wicks. Hence, only a small amount of heat energy is transferred to the basin water.
Results and discussion
During the experimentation, the readings are carefully recorded to obtain results as accurately as possible. With the help of mathematical equations, the theoretical model of MSS is developed and solved using Microsoft Excel. The required parameters for the calculations of the theo. model of the MSS are summarized in Table 4 . The hourly solar intensity, ambient air temp., and wind velocity values are listed in Table 5 .
Effect of solar intensity and ambient air temperature variation
Effect of floating wick surface and basin water temperature
The theo. and exp. results of the floating wick surface and basin water temp. of the MSS and CSS for the summer and winter seasons are presented in Fig. 8 . It is found that the floating wick surface temp. attains its maximum value at approximately 1:00 p.m. for the MSS; for the CSS, the basin water temp. attains its maximum value at approximately 2:00 p.m. for both seasons. The early response of heating of the floating wick in the MSS is because the thermal inertia of wetted black jute cloth is low; this is attributed to the fast increase in its temp. in the morning hours compared to the slow heating of basin water with high thermal inertia in the CSS. [45] 0.820 10 C w (Specific heat of basin water, J/kg C) [44] 4180 J/kg C 11 C fw (Specific heat of wet jute cloth floating wick, J/kg C) [11] 1352 J/kg C 
Effect of glass cover temperature
The variation in the theo. and exp. results of the glass cover temp. in the MSS and CSS for the summer and winter seasons is presented in Fig. 9 . It can be observed that the temp. (theo. and exp.) of the glass cover is high in the case of MSS, whereas it is low in the CSS for both seasons. This is because of the large evaporating surface area and quick heating of jute cloth in the MSS than those of the CSS. According to the 
Effect of heat transfer coefficients
The variation of heat transfer coefficients (evaporative, convective, and radiative) with time (hourly basis) in the theo. and exp. results of MSS during the summer and winter seasons are presented in Figs. 10 and 11; Dunkle's relations [3] are The comparison between the theo. and exp. values of the evaporative heat transfer coefficients in the MSS and CSS during the summer and winter seasons are illustrated in Fig. 12 . It can be observed that the theo. and exp. graph trends of the evaporative heat transfer coefficient in the MSS from 8:00 a.m. to 4:00 p.m. are always higher than those in the CSS; moreover, after 4:00 p.m., their trends approximate each other for both seasons. The reason for this is that compared to the slow heating rate of basin water in the CSS, the lower thermal capacity of the V-shaped floating wick surface (which is made of jute cloth) provides a quick start of heating from the morning to evening hours. Because of the high thermal capacity of basin water, more time is necessary to attain the maximum temp. point; moreover, after 4:00 p.m., its temp. range approximates that of the MSS floating wick surface. 
Variation of hourly distillate outputs
The variations in the theo. and exp. distillate output values with time (hourly basis)
in the MSS and CSS during the summer and winter seasons are shown in Fig. 13 . It can be observed that the distillate output in the CSS is lesser than that in the MSS. This is because of the good evaporating properties of the jute cloth used as a floating wick material to enhance the rate of water evaporation in the MSS. The capillary property and low thermal capacity of wetted black jute cloth increase the wick Hence, replacement may be necessary after a certain time (i.e., every two months); however, this replacement will not be expensive compared to that of membranes and filters in modern water purification systems.
Daily distillate output of solar stills
The theo. and exp. results of the MSS and CSS for 24 h (from 8:00 a.m. to 8:00 a.m.
next day) on an hourly basis during the clear days of summer and winter seasons are shown in Fig. 14 of nocturnal distillate output in the MSS is less than that in the CSS. This corresponds to the fact that the maximum solar radiation is collected by the V-shaped floating wick surfaces, which completely cover the top surface of basin water.
The floating wick is made of lightweight insulating materials (thermocol), which resist the transmission of solar radiation into the basin water; thus, less amount of heat is stored in the basin water, and thereby yields a small quantity of nocturnal distillate output in the MSS. 
Daily efficiency of solar stills
In Fig. 16 efficiency of the CSS is less than that of the MSS in both the theo. and exp. cases. This is attributed to the fact that the V-shaped black jute cloth floating wicks provide additional evaporating surface area to the MSS with respect to the CSS. Moreover, the low thermal inertia and capillary property of the jute cloths increase the productivity and efficiency of the MSS.
Comparison between present and previous research works
The maximum daily distillate output values of modified solar stills that are obtained by previous researchers are compared with those of the present work, as summarized in Table 6 . In this present research work, these values are 6.2 and 3.23 kg/m 2 /d in summer and winter, respectively; these are comparable to the earlier results.
Analysis
Economic analysis
Solar energy is the primary input energy source to operate the solar still. The most significant advantage it affords is its zero input energy cost (solar energy). The total cost of solar stills mainly involves installation, maintenance, and operation costs.
The economic analyses of the present modified and conventional solar still models are performed according to the economic analysis relations of Govind and Tiwari [47] , Kumar and Tiwari [48] , and Fath et al. [49] . The main purpose of this study is to assess the economic feasibility of the water purification technique for the impoverished people residing in rural and backward areas. The economic analysis is described as follows.
Let P be the initial amount invested in the solar still with the interest rate "i" per year and "n" be the useful life of solar still in terms of years for which the given solar still can perform. Then,
The first annual cost is calculated by the following relationship:
First Annual Cost ðFACÞ ¼ ðCRFÞ Â ðPÞ ð 32Þ
where P is the initial investment for the solar still.
The sinking fund factor is represented as follows: 
The payback period of solar still is given as follows:
Payback period of solar still in days ¼ P Net earnings per day ð39Þ
The experimental work is performed in the city of Rewa (located in the central part of India), where there are mainly three seasons in a year, namely rain, summer, and winter. During the rainy season, the sky is usually covered with clouds, and less solar radiation reaches the earth. As a result, the solar still cannot produce distilled water. Taking this fact into account, only approximately 250 operational days per year are included in the calculation of the yearly production of distilled water from solar stills. In the MSS, the maximum and minimum productivity values (approximately 6.2 and 2.87 kg/m 2 /d, respectively) are obtained in the month of April (summer season) and January (winter season), respectively. The approximate average productivity value in one year can be estimated as 1134 kg/m 2 /year. For the conventional solar still, the corresponding value is estimated as 771 kg/m 2 /year. For economic analysis calculations, the annual interest rate is assumed to be 12% for 10 years of useful solar still life, as used by Kabeel et al. [50] . The material costs and the annual cost 4. It is observed that the thermal capacity of the basin water in the CSS is more than that of the wet jute cloth in the MSS. Therefore, the wet jute cloth is quickly heated and reaches the maximum temp. earlier than the basin water does in the case of CSS. The exp. and theo. results exhibit good agreement.
5. The maximum glass cover temp. in the MSS is higher than that in the CSS. In the former, the maximum variation between the theo. and exp. glass cover temp. values is 14.25%; for the latter, the corresponding variation is 16.40%.
6. The evaporative heat transfer coefficients (theo. and exp.) for the MSS reach their maximum values earlier (approximately 1:00 p.m.) than the CSS does (approximately 2:00 p.m.).
7. It is observed that the CSS produces lower distillate output values compared to the MSS; this is attributed to the larger evaporation area of the V-shaped profile of floating wicks and using black jute cloths over the floating wicks. Because of low thermal inertia and good capillary property of the fabric, the distillate output amount increases.
8. The daily distillate output of the MSS is higher than that of the CSS for both the summer and winter seasons. It can be observed that an average family necessitates 25 kg of drinking water per day. This daily distillate output can be produced by four MSS units with a 1-m 2 area to satisfy the foregoing necessity by means of this environmentally friendly method. Therefore, this method may be used to provide drinking water to remote and rural areas of India where sufficient solar radiation is available in most parts throughout the year.
9. The variation between the theoretical and experimental values of parameters, such as distillate output, glass temperature, and wick surface temperature is within a reasonable limit (less than 20%).
10. It is observed that a considerably small amount of distillate is collected at night (nocturnal) in the MSS, whereas a high amount is evident in the CSS.
11. In both theo. and exp. results, the daily efficiency value in the MSS is high, whereas that in the CSS is low.
12. For a life cycle of 10 years, the annual costs of distilled water are estimated as Rs. 1.81/kg and Rs. 2.24/kg in the modified and conventional solar stills, respectively.
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